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Thxs invention relates to a culture medium for mammalian 
embryos vitro. In particular, it r^at„ to a medium " 

rtrtiTI T ° f in «" Period between 

fertilisation and the blastocyst stage and is of use in, for 
example, in vitro fertilisation techniques. 

For most mammalian species, it has not proved possible to 
10 culture embryos from fertilisation through to the blastocyst 
stage. Embryos arrest at a stage characteristic for the 
species. 
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in all species studied, evidence has been found for arrest 

!lf eV ? l0P,n6nt ^ * SPeCiflC Cel1 8ta * a ' »ous. 2-cell 

(Whittingham, 1974, Goddard * Pratt, 1983), human 4-8 cell 
(Braude, Bolton & Moore, 1988), hamster 2-cell (Carney « 
Bavister, 1987; Bavister, 1988), sheep and goat 8-16 cell 
(Sakkas, Batt & Cameron, 1989) , cow 4-8 cell (Camous, 
Heyman, Meziou & Meneeo, 1984) and pig 4-cell (Davis, i 98 5). 

For many of these species, the stage of developmental arrest 
coincides with certain other developmental transitions, 
including the activation of transcription by the embryonic 

25 genome (Bolton, Oades & Johnson, 1984; sakkas et al 1988; 
Brade et al 1988) , the selective inactivation or destruction 
of much of the pre-existing maternal mRNA (Bolton et al 
1984; Paynton, Rempel & Bachvarova, 1988), and a transition 
from extended to shorter cell cycles (Smith « Johnson, 1986; 

30 Crosby, Gandolfi & Moor, 1988) , 

in the mouse, i-cell zygotes from most outbred and inbred 
strains do not develop to blastocysts when cultured in a 
chemically defined medium, but arrest during cleavage, the 
35 so-called "2-cell block" (Whittingham, 1974) . 

In contrast, embryos from Fi crosses between certain inbred 
strains can develop into normal blastocysts in the same 
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culture medium. Whether or not the embryos block during 
cleavage depends on the genotype of the egg (Goddard 6 
Pratt, 1983). 

5 The block is evidently caused by a cytoplasmic deficiency, 
since embryos that block can be rescued by the transfer of 
cytoplasm from a non-blocking strain embryo at the Cl or G2 
phase of the cell cycle (Muggleton-Harris et al, 1982; Pratt 
fi Muggleton-Harris, 1988). No specific agent has been 
10 identified. 

We have now discovered that the period over which 
development of mouse embryos becomes blocked is 
characterised by a transient rise in the embryonic level of 
15 reactive oxygen species such as H^Oj (Nasr-Esfahani et al, 
1990 copy filed herewith) . 

The presence of H^ and superoxide anions can give rise to 
the production of highly toxic hydroxy free radicals via the 

20 Haber-Weiss reaction {Halliwell 6 Gutteridge, 1985). Free 
radicals have been implicated in the prevention of cell 
division, in loss of cell function and in damage to cells in 
certain pathological conditions (Halliwell 6 Gutteridge, 
1985; Halliwell, 1987; Aitken t Clarkson, 1987, 1988 & 

25 1989) . It therefore seemed possible that the generation of 
damaging free radicals from the elevated n z o z detected at 
the mid to late 2~cell stage might be involved in the 
causation of the block. 

30 However, 2~cell embryos from both blocking and non-blocking 
strains alike showed the transient rise in levels. 
Thus, if free radicals are involved in the block of 
development then either there must be less conversion of 
BjOj to free radicals in non-blocking than in blocking 

35 strains or any free radicals that are generated must be 
scavenged more efficiently in non-blocking than in blocking 
strains. The generation of free radicals by the Haber-Weiss 
reaction requires the presence of iron (Halliwell & 
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Gutteridge, 1985): 

(1) + Oj* - o ? ♦ Pe* 

(2) F «* + *fr Pa 5 * + 'oh + OH- 



IO 
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(3) Net reaction: 0{ + Bp t o 2 + 'OH + OH* 

One consequence of free hydroxy radical generation is the 
peroxidation of polyunsaturated membrane lipid.. Once 
peroxidation is initiated, free ferrous ion. can themselves 
promote further peroxidation damage directly. Thus, iron is 
known to be potentially very damaging to development, as has 
been noted previously (Abramozuk et ai 1977; Hoshi t Toyoda, 
1985; Schini & Bavister, 1988; Toyoda et aJ, 1989). 

According to the present invention, there i. provided a 
culture medium for the culture of mammalian embryos wherein 
the culture medium contains at least one iron chelator. 

20 The iron chelator may be any compound capable of binding to 
iron without adversely affecting replication of the embryo. 

Preferably, the iron chelator is a terroxidase. That is, an 
oxidising agent capable of oxidising Pa (II) to Pe(iii) . 
25 such chelators have the advantage of inhibiting hydroxy 
radical formation by depriving the Haber^Weiss reaction of 
Fe(II) . 

Preferably, the iron chelator is capable of binding other 
30 cations, such as copper cations. This again inhibits 
hydroxyl radical formation. 

Preferably, the iron chelator does not bind iron so strongly 
as to deprive the culture media of catalytic amounts of iron 
35 essential for embryo development. 



Bovine apotransferrin is particularly preferred, but the 
iron chelator may be «thylenediaminetetracetic acid (EDTA) 
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or diethylenetriaminepentacetic acid (DETAPAC) . 

The culture medium may contain nutrients and other reagent© 
as known in the art. 

5 

The culture medium preferably has a concentration of the 
iron chelator from 0.05 to 2 mg/ml, preferably o.l to 1.5 
mg/ml, most preferably about l mg/ml, for bovine 
apotransferrin. These concentrations being especially 
10 suitable for mouse embryo culture* 

The culture medium preferably has a concentration of the 
iron chelator of from 0.05 mM to 0.5 *M, most preferably 0.1 
mM to 0.2 flH for DETAPAC. These concentrations being 
15 especially suitable for mouse embryo culture* 

The culture medium preferably has a concentration of the 
iron chelator of from 0.05 mM to 0.2 mM, most preferably 
from o.l to 0.15 mM for KDTA. These concentrations being 
20 especially suitable for mouse or hamster embryo culture. 

According to a second aspect of the invention, there is 
provided a method of in vitro mammalian embryo culture 
comprising culturing an embryo in a culture medium 
25 comprising an iron chelator at least in the period between 
fertilisation and the formation of a blastocyst. 

The mammalian embryo is preferably an embryo resulting from 
an in vitro fertilisation step. The embryo may be the 
30 embryo of a human or non-human mammal. 

The invention is now described in detail, by way of example 
only. 
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l - Materials and 
1-1. fisfeczfi-Ba&dliiig 

MP! final, mice (3-4 weeks; Cntral Animal Services, 
Cambridge, UK) and Pi female Bic e (C57BL/10ScSn/01a female 
x CBVCa/oia Bale, bred in the laboratory) were 
supar ovulated by intraperitoneal injection of 5 to 10 iu of 
pregnant ware's serum gonadotropin (PMS; Intervet, 
Cambridge, DK) at midday followed 48 hours later by S or 10 
iu of human chorionic gonadotropin (hCG; Intervet). To 
obtain i-cell fertilised zygotes, females were paired 
individually overnight with HC-CFLP Bales (Inter fauna, 
Wyton-Huntingdon, DK) and inspected for vaginal plugs the 
15 next day as an indication of successful mating. Fertilised 
eggs at the pronuclear stage were recovered from mated 
females at between 26 and 30 hours post-hCG by release from 
the oviduct into warmed medium H6+BSA (a modified form of T6 
medium, Hewlett et el, 1987). 

20 

In a preliminary series of experiments, two culture media 
(M16 and T6; compositions recorded in Table 1) were compared 
in parallel for their effectiveness in permitting i-cell 
zygotes of both blocking and non-blocking strains to develop 
25 to blastocysts. 
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Table 1: Composition of the media T6, H6 and K16 
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Sfipp,onent 


T_6 


R6 


Hit 






DM 




NaCl 


80.77 


80.77 


94.63 


KC1 


1.84 


1.84 


4.83 


KH 2 P0 4 


0*39 


0.39 


0.00 


0.00 


0.00 


1.19 




23.00 


4.10 


25.00 


Sodium pyruvate 


0.27 


0.27 


0.33 


Sodium lactate 


23.30 


23.30 


23.30 


D-Glucose 


5.SS 


5.55 


5.55 


MgCl 2 »€H 2 0 


0.49 


0.49 


0.00 


MgSO^HjO 


0.00 


0.00 


1.19 


CaCl 2 »2H 2 0 


1.77 


1.77 


1.71 


HEPES 


0.00 


21.00 


0.00 






vg ml" 1 




Penicillin 


0.06 


0.06 


0.06 


streptomycin 


0.05 


0.05 


0.05 


BSA 


4.00 


4.00 


4.00 


Phenol red 


0.01 


0.00 


0.00 



(The osmolarity of the medium as made up is 255 mosmoles. 
This osmolarity is compatible with development , but we 
30 routinely adjunct to 280 mosmoles using 20% NaCl. The pR 
of H6 is adjusted to 7.4. The pH of M16 and T6 is adjusted 
to 7.6 before incubation in 5% C0 2 , followed after 
equilibration with a check to confirm that the pH has 
reduced to 7,4.) 

35 

In all trials without exception, the modified medium T6 was 
found to be better. In all the experiments described 
herein, embryos were cultured in drops of T6+BSA under 
paraffin oil (FSA Laboratories, Loughborough, UK) in Falcon 
40 tissue culture dishes in 5% C0 2 in air. All manipulations 
were carried out at 37 *C on heated stages, pads or in 
incubators. 

Zygotes were cultured under the conditions specified in 
45 Section 2 and inspected at regular intervals as follows: at 
47-50 hours post-hCG the few l~cell or abnormal eggs were 
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removed and are not included in the totals, the remaining 
embryos being scored a. 2-, 3- or 4-c.U.; at 69 . 7J houM 
post hCG embryos were scored as being" dead, 2-ceU, 3 -cell, 
4-cell, 5- to 8-cell precompact, or compact; at 98-100 
5 hours post-hCH embryos were scored as being dead, 
noncompact, compact, early blastocyst or expanded blastocyst 
(see Chisholm et si, 1985, for definitions of blastocyst 
subtypes); at 116-119 hours post-hCG embryos were scored as 
being dead, preblastocyst, early blastocyst or expanded 
10 blastocyst. 

injection of catalase into i-cell zygotes was done on a 
Leitz micromanipulator using rhodamine dextran as an 
injection marker as described in detail in McConnell et ml 
15 (1990). 
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For transfer of blastocysts to the uteri of pseudopregnant 
females, recipients were used 2.5 days after being plug 
positive with vasectomy male. The transfer technique 
used was as described in Hogan et al, (1986) . Females were 
autspoied at 10.5 days of pregnancy. Any females with no 
implantation sites were not included in the results. 



1.2. Chemicals 



Additives to the culture medium were obtained as follows: 
Sigma (Poole, OK): Bovine transferrin (iron free); human 
transferrin (iron free); Feso 4 ; ascorbic acid. CIBA 
(Horsham, OK) : Desf errioxamine B methansulphone (Desferal) ; 
30 Diethylenetriaminepentaacetic acid (DETAPAC) 4 . Calbiochem 
(Cambridge, OK) : catalase. After making stock solutions of 
additives in culture media, the p H of the medium was 
measured and, if necessary adjusted, to bring it to pH 7.4 
under 5* C0 2 . 

35 

Iron loading of transferrin was done according to the 
procedure of Farb * Frieden (1979). Bovine iron free 
transferrin (10 ag) was added to 2 ml of freshly prepared 
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bicarbonate solution (100 mH) containing ferric chloride at 
various concentrations (0-25 mM) for 30 minutes at pH 8*8. 
The pH of each solution was then adjusted to 7.4 and the 
absorbance of each solution was read at 470 nm. The plot of 
5 ferric chloride concentration against absorbance shoved that 
the apotransf errin was fully saturated with Fe 1 * at the 
highest ferric chloride concentrations. Then the iron 
loaded transferrin was dialysed against T6 before use* 

10 2. BOSUlfcfi 

2*1* He have discovered that the addition of exogenous iron 
to the culture medium impairs the development of embryos in 
vitro* Fl embryos were incubated in FeS0 4 and ascorbate (to 
15 maintain the iron in a ferrous Gtate) in a ratio of 1:5 over 
a range of iron concentrations. The results are shown in 
Table 2 (experiments 2-4) and reveal that development is 
affected adversely, the embryos blocking at early cleavage, 
many of them dying subsequently. 
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2.2. Wo examined whether the natural iron chelator, 
transferrin could prevent the two-cell block. One-cell MF1 
(blocking) zygotes were recovered from the oviducts and 
cultured in medium T6+BSA containing bovine apotransf errin 
over a range of concentrations from 0*01 to 4 mg ml* 1 . The 
results from three typical experiments are shown in Table 3 • 
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In 76 medium alone, over 50% of KF1 embryos will divide to 
4 -cells, albeit with a considerable delay , and of these a 
variable number (up to 30%) will form blastocysts . However, 
the presence of apotransf errin in the T6 medium at 
5 concentrations between 0.1 and 2 mg ml" 1 is associated with 
a marked increase in the numbers of 4 -cell and compact 
embryos at 70 hours and the number of blastocysts at 98 and 
118 hours post-hCG. Lower concentrations of apotransf err in 
did not overcome the block, whilst at higher concentrations 
10 embryonic death was observed* 

The presence of apotransf errin was not required throughout 
the period of culture in vitro to the blastocyst, since 
exposure to apotransf err in (1 mg ml" 1 ) immediately after 
15 recovery of sygotes from the oviduct (26 hours post-hCG at 
the late 1-cell stage) tor a period of 22 hours (at which 
time transition to the 4-cell stage is occurring) was as 
effective in overcoming the block as continuous culture. 

20 In an experiment to show this, l-cell MF1 zygotes were 
recovered from the oviduct between 22 and 26 hours post-hCG 
and placed in culture until 118 hours post-hCG, when the 
incidence of blastocysts was noted* 

25 The experiment showed that if the period of exposure of 
embryos to apotransf err in was reduced to less than 22 hours, 
fewer blastocysts developed* A reduced rate of development 
to blastocysts was also observed if culture in 
apotransf errin was maintained at a total of 22 hours but was 

30 either preceded immediately after recovery by a period of 
culture in apotransf err in-free T6 medium, or if recovery 
from the oviduct was advanced four hours earlier (to 22 
hours post hCG) and embryos were removed from apotransf errin 
into T6 a corresponding four hours earlier at 44 hours post** 

35 hCG i.e. prior to division to the 4 -cell stage. 

Of 40 KPl embryos grown to blastocysts in the continuous 
presence of apotransf errin and transferred to pseudopregnant 
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recipient mice, 38 implanted to form viable and apparently 
normal fetu.es at 10.5 days of pregnancy. Blastocyst, grown 
in^apotransferrin and maintained- in vitro, expand and 

The development in vitro of MFl embryos in apotransferrin is 
not accompanied by a reduced level of reactive oxygen 
specie, such as over the period of the 2- to 4-cell 
transition. We have shown this in an experiment in which 
freshly recovered MFl fertilized oocyte. (29 hours post-hCG) 
were cultured in I6+BSA or K + BSA + apotransf errin in l »g 
ml and then were incubated for is minutes in DCHFDA 
(1X10 H) at various times post hcs. Readings of DCF 
emission provide a measure of the level of reactive oxygen 
species (Nasr-Esfabani et al 1990 attached hereto). 

Neither human apotransferrin (whether used fresh or after 
dialysis against T6 medium overnight) nor desferal overcame 
the block of development whether applied continuously (Table 
20 4; data from two separate experiments shown) or as a pulse 
over the period of the 1-cell or 2-cell transition (data not 
shown) . 

Moreover, at higher doses of both these chelators, large 
25 numbers of embryos died* 

However, both OETAPAC (o.l to 0.2 mH) and to a lesser extent 
EDTA (0.01 DM) did permit further development, the latter 
rather variably (Table 4) . . 
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in order to determine whether the positive effects of bovine 
apotransferrin depended on its capacity to chelate iron in 
culture, an iron saturated preparation of bovine transferrin 
was prepared, a second sample of apotransferrin was taken 
through the iron saturating protocol in the absence of iron 
as a control. Both samples were then compared for their 
ability to overcome the block relative to a non-treated 
sample of bovine apotransferrin. 



In the experiment, KF1 i-cell zygote, were recovered at 26 
to 29 hours post-hCG, cultured until lis hours post-hCG in 
T6 medium alone or containing control apotransferrin at X 
ag/nl r or various concentrations of either iron-saturated 
transferrin or apo- transferrin taken through a mock iron 
loading procedure and the incidence of blastocyst formation 
recorded. The rate of blastocyst formation in apo- 
transferrin taken through a mock loading procedure is lower 
than that of control apo-transferrin at l mg ml* 1 , suggesting 
that some of the transferrin is denatured during the loading 
20 procedure. 

The results revealed that iron-saturated transferrin is as 
effective as apotransferrin in supporting development to the 
blastocyst stage. 



In addition, when MF1 embryos were incubated in medium 
containing both apotransferrin and free iron, development 
through the 2-cell block did not occur (Table 2 above; 
experiment 1) . 

It will be understood that the invention is described above 
by way of example only and modifications of detail may be 
made within the scope of the present invention. 
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T^afioiwhip between th« rise in H 2 0* and the «2-cell block- to development is 
Introduction 

The culture of preimplantation mammalian embryos from fertilization to the 
blastocyst stage has not been achieved for most species. In all species studied, 
evidence has been found for arrest of development at a specific cell stage, eg. mouse 
2-cell CWhittingham, 1974; Goddard & Pratt 1983), human 4-8 cell (Braude et al 
1988), hamster 2-cell (Carney & Bavister, 1987; Bavister, 1988), sheep and goat 8-16 
cell (Sakkas et al 1989), cow 4-8 cell (Camous et al. 1984) and pig 4-ceil (Davis 1985) 
For many of these species, the stage of developmental arrest coincides with certain 
other developmental transitions, including the activation of transcription by the 
embryonic genome (Bolton et al 1984; Sakkas et al 1988; Braude et al 1988), the 
selective inactivation or destruction of much of the pre-existing maternal mRNA 
(Bolton et al 1984 ; Paynton et al. 1988), and a transition from extended to shorter 
cell cycles (Smith & Johnson, 1986; Crosby et al. 1988). 

The phenomenon of developmental arrest has been studied most extensively in 
the mouse, in which 1-cell embryos from most outbred and Inbred strains do not 
develop to blastocysts when cultured in a chemically defined medium, but arrest at 
the 2-cell stage, a phenomenon referred to as the " 2-cell block" (Goddard & Pratt, 
1983). In contrast embryos from certain inbred strain crosses can develop into 
normal blastocysts in the same culture medium. Studies involving reciprocal 
crosses between different strains of mice suggest that the genotype of the oocyte 
alone determines whether the embryos block at the 2-cell stage (Goddard & Pratt 
1983; Loutradis et al 1987). The 2-cell block can be overcome by the transfer of a ' 
small amount of cytoplasm from a non-blocking strain in the Gj or G 2 phase of the 
second cell cycle to the embryos of a blocking strain. It has been proposed that a 
specific factorfe) might be absent in blocking strains as the result of a deficiency in 
the in vitro environment (Muggleton-Harris etal. 1982; Pratt & Muggleton-Harris, 
1988; Muggleton-Harris & Brown, 1988), but no specific agent has been identified. ' 
Although the mechanism(s) underlying the 2-cell block In mice is not yet 
established, it is dear from the studies of cell lines in vitro that oxidative species 
including hydrogen peroxide and free radicals fie superoxide anions and hydroxy 
radicals) can be involved in damaging cells. These reactive oxygen spedes have also 
been implicated in the damage seen in certain pathological conditions associated 
with the arrest of cell division and loss of cell function (Halliwell & Gutteridge, 
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1989- HaUiwell, 1987; Aitken & Oarkson, 1987, 1988; Aitken et d. 1989). It is 
possible therefore that such reactive oxygen species might also be involved in the 
generation of the 2-ceU block In order to examine this hypothesis, we have 
developed a technique for assessing the level of in individual oocytes and 

cleavage stage embryos. 7 

To quantify in individual oocytes and embryos, we have modified an assay for 
7°* m ^ Ueous solution & Brandt, 1965; Brandt & Kestan, 1965) for use by 

photocytometry. 2'^chbrodihydrofluorescein diacetate (DCHFDA) and 5(and 6> 
carboxy-2,7, dichlorofluorescein diacetate (CDCFDA) are related compounds which, 
because of their non-ionized state, are membrane penneaht and therefore are able to 
diffuse readily into cells. Within the cell, the acetate groups are hydrolyzed by 
mtracellular esterase activity forming ^^chlorodihydrofluorescein (DCHF) and 
5(and ^carbcocy-^chlorofluorescein (CDCF) which are polar and thus trapped 
within the celLCDCF is fluorescent at intracellular pH and provides a measureof 
the uptake and hydrolysis of the dyes. However, DCHF fluoresces only after 
oxidation by to yield 2',7-cachlQrofluorescem (DCF). The level of DCF 
produced within the cells appears to be related linearly to that of H 2 0 2 present (Bass 
et «/. 1983, 1986; Cathcart ci al 1983) and thus its fluoresced emission provides a 
measure of Hp 2 levels. We have applied this technique to embryos from two 
strains of mice: MP1 (a blocking strain) and Fl (a non-blocking strain) over the 
period during which the 2-cell block develops. Freshly recovered oocytes and 
embryos have been compared with those cultured in vitro for varying times. 

Materials and methods ✓ 

MF1 female mice (3-4 weeks; Central Biological Services, Canibridge, UK) and Fl 
female mice (CS7BL/10ScSn/Ola female x CBA/Ca/Ola male, bred in the laboratory) 
were superovulated by intraperitoneal injection of 5 or 10 Lu. of pregnant mare's 
serum gonadotrophin (PMS; Intervet) and human chorionic gonadotroph^ (hCG; 
Intervet) 48 h apart. To obtain embryos, females were paired individually over night 
with HC-CFLP males (Interfauna) and inspected for vaginal plugs the next day as an 
indication of successful mating. 

Unfertilized oocytes were recovered from unmated females at about 13 h post-hCG. 
2-, 4- and 8-ceIl embryos were recovered at 36-48, 50-54 and 69-70 h posfrhCG 
respectively. Oocytes and embryos were released from the oviduct into warmed 



HMBA (a Hepe, buffered variant of T«, and then cultured ir, droos of TVMK a 
to 5% CO, in to. All rranrpulationa were carried out at 37«C on heated .*« 

A stock solution of H j0j (30* weight/volume) was obtained from BDH pic (Poole- 

USA.) and CDCFDA (Molecular Probes &e, Pttchford Ave, Eugene. USA) were 

^SZT The solutions of CDCFDA were prepared fes^oeL 
use, sine. CDCFDA become, de-naturad on exposure to to. DCHFDA stock 

to^T r^J"^ i-' before Ihe star, of each experiment a^tere kept 
to the dark and used over a maximum period of u hour* 6ocyTand emb™ 
were washed rhoroughb/ m H6*PVP aft„ a* „„„„ * . 

*«n baded wuh th. dyes in ovltv b,ocks for a spec** Z^yT ^ 
minutes). The oocytes or embryos were then washed in HMSA to TlZ traces of 

«dcov«ed by ^ covertfp flfa. « si 1 584). Tb, fluorescence en^cjt 
OOCytW "*■>» tamediatelv by photocytomary, using . 

»rj?-p*» ** wl* • tong working durance k Mobjecdveon. 

^T^r^ 00 ^ "* 1,80100 "P" "4 end Alter, 

Zt£J^ ?M,,aae " ton of "<">«««,«, He, phZtuldpUer hoX*? 
teta MFV-1 wa, fitted to the Oriholux n phototube (McConnell / „ loT^e 

* — * tha, could bVad^ed^ 

Sold iST 7 " fadlTi<1Ual 0Kytt » ftus exchnkg 

background. A i» rmumlssion neutral density fflter.fLete N,ffl was placed In 

Huorescent emission was deflected to the amplffier/dlscrirrjnator (Model H40B, 
SSR Instruments Co. USA) of a quantum photometer (Model 1140A, SSR 
*"£°«^>*« >»" been aroed against t^grour^ari s« to rerf ta , counts s"> 
mode v» . deflection meter. The individual oocyte or embryo was positioned 
wthm the adjusted diaphragm and exposed to the excitation wavelength for a 
penod of less than 10. and the fluorescent emtolon recorded (counts r> on the 1M 
scale to a nuudrmun reading of 10). This set up, involving short exposure to the 



exatag light was designed to avoid damage to the oocytes or embryos, which was 
only detected with greater than a 40 b exposure to the exdting light or removal of 
the 6.25% transmission neutral density filter. Under these latter conditions, a rapid 
rise in fluorescent emission, reflecting conversion of DCHF to DCF, was detected, 
probably as a secondary consequence of lipid peroxidation. For each data point in 
each experiment, the fluorescent emissions of 10 to 20 oocytes or embryos were 
measured and their mean values were expressed as the 'mean reading*. 

Results 

A technique for measuring H 2 0 2 in individual mouse embryos 
Experiments were designed to observe whether we could measure a fluorescence 
signal from DCF or CDCF in single embryos. Within lh of their removal from the 
oviducts, freshly recovered oocytes and embryos were incubated for 15 minutes in 
the dyes, washed and their fluorescent emission measured immediately Rg 1 
shows that the level of CDCF fluorescence remains constant from the unfertilized 
oocyte totheS-cell stage. This result suggests that the uptake and de^sterificatlon of 
the. iyes does not vary with developmental stage. In contrast, the fluorescence from 
DCF is much lower and appears to increase slightly between the urifertttteed oocyte 
and 8-ceH stages, the biggest change appearing during the transition from the 1- to 2- 
cell stage, but even then does not approach the level of fluorescence generated by 
incubation in equimolar concentrations of CDCFDA. Since any fluorescence 
deriving from incubation in DCHFDA requires an oxidative step, these results 
suggest (a) that such H 2 0 2 as is produced is insufficient to oxidize all the DCHF 
generated by esterase activity, (b) that the level of H 2 0 2 may increase slightly with ' 
the more advanced developmental stages, and (c) that the increase observed is not 
due simply to an increased rate of uptake and/or hydrolysis of the dyes. 

Kinetic studies of (1) the rate of dye uptake and conversion and (ii) the rate of decay 
• of fluorescent signal after, a loading period followed by transfer to washing medium 
were carried out on unfertilized oocytes, fertilized oocytes and 2-cell embryos of both 
MF1 and Fl strains of mice. Fig. 2 (panels A-C) show typical plots obtained from 
kinetic studies of the three different cell stages with embryos Incubated in CDCFDA 
or DCHFDA. the 'increase in reading* from the fluorescent derivatives of CDCFDA 
and DCHFDA remains approximately the same at each of the three different stages. 
However, the rise in signal after incubation in DCHFDA is much slower than mat 
seen from oocytes and embryos incubated in one tenth the concentration of 
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i^ft Lf^K? ^J* ^ ****** from the 1- to 2-cdI stage, a 
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DCF as a result of oxidation by HjO, (see also below). production of 
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show that the DTP "fr*""™* peroxide levels. The results in Table 1 

snowthat the DCP formabon is Increased if an extracellular threshold level of H O 
greater than 0.0003, by volume is achieved or if lipid p^danon b 1M^ 2 2 
^ v^fromDCFundersuch ^mJZ^^J^ 
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(paired student hm, P<0.02) if cataU* w« injected into one 
blastomere prior to incubation in DCHFDA (Table 2). 

. emporium of HjOj production in vitro and in vivo 

ance DCHFDA appears to provide a valid method for the tentative analysis of 
HA production in individual mouse embryos a, different over 7. ^1, 
cyde.,*™ comp^ ft, fluorescent emission of embryos develop* fa jL 
t^'ZtT ^ »«- ^ of mice, only .« „ f whi* S^Z^L 

t^^T TZ ^"^^^eremaybe.siightrise 
ta DCF formation when freshly recovered 2-odl embryos are compared with those 

fr «Wy recovered at l<ell stage; and (b) that in both MFI (Fig. 3) and Fl (Fie 4)^ 

embryo, the fluorescence emtafon from DCF increases markedly during Ca of the 
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second cell cycle when embryos are cultured in vitro but not when they have 
developed in vivo.The DCF fluorescence from in vitro cultured embryos declines 
during late G2/M (or its equivalent in developmental time in blocking embryos), 
and is restored to background levels on entry into the 4-cell stage. When embryos 
were mcubated in vitro for a longer period through the third mitotic division into 
the 8*ell stage, no equivalent marked rise in DCF formation occurred (Fig. 5 shows 
the data for Fl embryos but the same result has been obtained with MF1 embryos - 
data not shown). The higher DCF levels after in vitro culture are due to an 
increase in the rate of its formation from DCHF oxidation (compare panels C and D 
m K * 1x1 conlrast to the results with DCHFDA, fluorescence from embryos 
incubated in CDCFDA is similar throughout whether they have developed in vitro 
or in vtoo, indicating mat differences in uptake, de-esterlfication and decay of the 
dyes cannot be responsible for the change in DCF fluorescence described above (Fig. 6 
and compare panels C and D in Fig. 2). 

To determine whether the absolute time spent in vitro influences the pattern of 
DCF fluorescence emission, embryos were cultured for different periods in vitro 
but were assayed at the same time eg, 45-47 hours post-hCG (Fig. 7). The results 
from this experiment show that regardless of the time spent in vitro, the 
levels are elevated by 45-47 hours, corresponding to the late G2 period of the second 
cell cycle. Paradoxically, in me experiments recorded here some of those embryos 
that had spent the longest time -in vitro (21-22 hours) showed the least marked rise 
in HjOj production. This may reflect the fact that their development had been 
slowed and they were reaching the G2 period of the second cell cycle slightly later 
than the other groups. In cwinrmation of this, we have shown in subsequent ' 
experiments that the n l 0 1 levels in these embryos rose to maximal 2-3 hours later 
than those in the other two groups. 



Discussion 



Hydrogen peroxide has been proposed as a second messenger in various cell 
stimulation and regulation systems (May & deHaen, 1979; Oberley el al 1981; 
Skoglund tt al 1988; Laloraya tl al. 1988, 1989), but may also, if the regulation of its 
levels is uncontrolled, contribute to ceil damage by excessive peroxidation of Upids 
and proteins. In this paper, we describe a method for c^uantifying the production of 
reactive oxygen species in individual cells or embryos, thereby allowing us to 
examine the changes in these spedes over the early period of development 
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T*mm presented here suggest thai the amount* fluorescence emi«ion from 
hTo^^J^ « d ^ to the rate of oxidation of IxTby 

^pnxiuced within the oocytes and embryos. Thus, the fluorescence emission J 
^^n°ttr*tofOXScanbeenr^ HAorvialipid- 
pe^adation induced by irradiation with UV. light The signal from DCHF oxidation 
under such conditions approximates to that of CDCR TneseLults with sin^eT 
^embryos resemble those obtained Auc.inxetricaUy by Bass ^ «/. (1986) using 
TT^T v neutrophilic leukocytes (PMNL). These workers 

showed that the rate of DCF formation was related linearly to that of ftp, 
production, Aat the increase in the rate of DCF formation, after activation of PMNL 

^Z^*^" m * nM " H^oranH^generatmgsyTm 
(eg. xanthine^xidase ♦ acetaldehyde), and that the increase seen **h exogenous 

T ™ 6 ***** b/ **- ™ * -^e dismutase (SOD? We 
£o were abfe to inhfl* ^ oxldislng ^ ^ ^ J ^ 

^generated within the cell was reduced by intracellular injection of catalase 
reflect changes in Hp 2 levels in oocytes and embryos. 

Our preliminary results suggested that there was a gradual increase in H 2 0 2 levels 
a$ embryos proceeded from the unfertilized stage toward the 8-cell stage However a 
more detailed analysis of H 2 0 2 levels in embryos freshly recovered from mice over 
the first three cell cydes Qnvivo embryos) suggested that this increase may not be as 
marked as at first evident and could reflect, at least in part, the consequences of 
exposure of embryos to conditions in vitro during recovery and handling. Thus ' 
when analysis of ft, Wpcnierived embryos is conducted rapidly after their recovery 
(as shown in Figs. 3, 4), the rise in levels on transition to the 2- and 4-cell 
stages is much reduced. In contrast when embryos spend a period fa vitro before 
being incubated with fluorochrome, a marked rise in the fluorescent signal occurs 
reflecting increased conversion of DCHF to DCF by oxidation. However, this 
increase in oxidative conversion in vitro is restricted to the G2/M phase of the 
second cell cycle, but is not evident before this time, nor after entry to the 4-cell stage 
is completed, nor during passage through the 4-cell stage and into the 8-cell stage. 
This temporal restriction on DCF formation is not a consequence of the total time 
spent fa vitro, but reflects an interaction between fa vitro conditions and the stage 



of the cell cycle. The possibility that this increase was due simply to a greater 
retention of DCF was exduded by comparing the kinetics of handling of the two dyes 
by the embryos. 

This increase in H 2 0 2 production in vitro, compared with in vivo derived 
embryos, takes place during the atypically long G2 period of the second cell cycle, 
shortly after the time at which embryonic gene activation has occurred. This period 
coincides with that of the 2<ell block, suggesting a possible relationship between the 
block and the potential rise in damaging free radicals generated from the H 2 O z . 
indeed, it has been proposed that activated cocygen spedes rnaya^^ 
division (Oberley et «J, 1981). However, when Fl embryos, which did not exhibit a 
2-cell block in vitro, were compared with MF1 embryos, which did, both showed a 
rise in peroxide production in the latter half of me second developmental cell cycle 
Thus, the absence of reactive oxygen spedes as a source of damaging free radicals 
cannot provide the simple explanation for the devdopment non-blocking strain 
embryos in vitro. However, it is possible mat the MF1 embryos, unlike the Fl 
embryos, are less able to scavenge the reactive oxygen spedes induced by in vitro 
culture. The inability of MF1 embryos to develop normally in vitro might be due to 
a deficiency of cytoplasmic protective enzyme activity, such as is provided by 
superoxide dismutase, catalase or the glutathione percodde/reductase couple. 

In the context of these results, it is of interest that the development of ' 
preimplantation mouse embryos in vitro is sensitive to oxygen concentration, 
raising the possibility that oxygen toxidry might lead to developmental arrest via 
formation of oxygen radicals (Whitten, 1971; Quinn & Harlow, 1978; Pabon et «J. 
1989). Nonphysiological oxygen concentrations can lead to free radical generation 
via interaction with a number of cellular or media components, induding " 
hypoxanthine (Loutradis et «J .1987), catecholamines ( Misra & Fridovich, 1972), 
thiols (Baccanari, 1978) and flavin (Ballou et ul 1969). An adverse effect of 
hypoxanthine on mouse embryo development was reported recently (Loutradis et 
al. 1987). Additionally, high oxygen tensions in vitro can influence the balance 
between the synthesis' of glycogen (from exogenous glucose) and Its degradation, 
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B^behenn * ei. 1,74; Idlrisinghe « „. , 984 . SpUlmaim , „ ^ ^ ■' 
du^banc* ■» t*"-™ TOUboto, o>uld lead" » the fanuflonoffce,^,,, 
generating NADPH via the pentose phosphate shunt mdeKi ^ ^ ^ 7 

« da-eriou. ft, through the 2-«n . tege , te ^ from 
»e me*. improving development (Hood & Wiebold, ,988; Chato. « * m 
H«lly, It may ate be relevant that embryo, blocked „ the 2-cett stag, show 
■*"-"»"- * *• "Sutton of their newiy synthertsed memb™, B pid. ^ 
in their mtocfaondria (Muggleton*Harrls & Brown, 1988; Pratt & George, 1989), both 
import*,, targets for damage by free radicals. ' 
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LEGENDS TO FIGURES 

r^rvtf^ T W£re recove ^ within one hour of 

recovery, they were Incubated /or 15 min in DCHFDA or CDCFDA at 1x10-5 M and 

«^ * ** (hatched bar) and CDCF (solid bars) w£ 

T^ll are$h ° WIUUnfer " «-* oocyte; Per - fertilized o^eT 
^C^andSC-z-.^S-cellstages. 

Fig.2: MF1 (A) unfertilized oocytes or (B) feruWoocytes or (C) fresh 2-cell 
embryos or(D)in vitro aged 2<eU (cultured from S^post hCG) ^ were 

»« >"* «- «nount of C W or DCF present was me^red at 
different time points. Each point on the graph presents the mean reading for 10 
embryos Ct S.D.). 

r^Jr^ ^ mbryOS QmlML bars) ■*» MF1 embryos cultured in 
vitro from 23 h post-hCG (solid bars) were incubated for 15 mmutesta DCHFDA 
OxlO-5 m> at various times post hCG. Each bar represents the mean reading of DCF 
emisston for 10 embryos plus S.D. Between 23 and 33 h post hCG all the readings 
were from 1-cell fertilized oocytes. Thereafter all the readings were from 2-cell 
embryos. Note mat in non-blocking strains, embryos start dividing to 4-cells at 
shortly after 48 h post hCG (see Fig. 4) but do not do so in blocking strains such as 
MF1. 

Fig. 4: Freshly recovered Fl embryos (hatched bars) and Fl embryos cultured in ' 
vitro (solid bars) were incubated for 15 min in DCHFDA (1x10-5 M) at various times 
post hCG. Each bar represents the mean reading of DCF emission for 10 embryos 
plus S.D. Between 27 and 33 h post hCG all reading were from 1-cell fertilized 
oocytes. From 40 to 48 hours post hCG, all reading were from 2-ceH embryos, 
thereaf ter only 4-cell embryos were read. 

Fig. 5: Fl embryos were recovered at 43 hours post hCG and cultured in vitro for 
periods upto 60.5 hours post hCG. Samples of 10 embryos were taken at the times 
indicated, and incubated in DCHFDA at 1x10-5 M for 15 min. The mean values of 
DCF emission plus S.D. are shown. The reading are from 2-cell, 4-ceil. or 5-8 cell 
embryos for each bar as indicated beneath. 
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Kg. 6: MFi embryos were recovered and used immediately at 35 hours post hCG or 
cultured until 47 hours post hCG before use. Both sets of embryos were incubated for 
15 min in CDCFDA or DCHFDA at IxlO^M. Bach bar represents die mean reading 
of CDCF (solid bars)orDCF (hatched bars) emission for 10 embryos plus S.D. 

Fig. 7: MFI and PI embryos were recovered at various times post hCG, were cultured 

21-22 h, 15-16 h, 4-5 h or Oh, and were men incubated for 15 min in 
DCHFDA(lxlQ-5M)at4W7hposthCG (which- time 0 h). Each bar represents the 
mean reading for 10-15 embryos. S.D. shown except in two bars f ) for which all 
readings were off scale in excess of 10. 



3V 



Treatment 

Control 

UV Irradiation 

Hydrogen peroxide: 

0.0003% 

0.003% 



Mean reading fin units) after jnoubatfan in* 



DCHFDA 

(0.00001 M) 

2.5(0.4) 
9.0(0.7) 

2.1(0.6) 
9.2(1.2) 



CDCFDA 
(0.00001 M) 

8.3 (1.2) 

8.3 (1.2) 

8.8 (0.8) 

9.4 (0.7) 



* Values are mean for readings from 10 fertilized oocytes (plus S.D.). 
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Table 2. Fertilized MF1 oocytes were incubated In DCHFOA under 
vanous conditions and the emission from DCF recorded 



Treatment 



Mean reading (in units) after Incubation 
in DCHFDA at 0,00001 M for IS minutes 



Fresh fertilized oocyte s: 

Control 

Hydrogen peroxide (0.003%) 
Hydrogen peroxide+catalase 
UV Irradiation 
UV irradiatlon+cataiase 

Fresh 2-ceIis 

2-eelfs cultured from 28-42 h post hCG" 



1.4 (0.2) 
10.0 # 

1.0 (0.1) 
10.0* 
10.0* 



2.4 (0.3) 
9.2(0.6) 



2-ceIIs cultured from fla .49 h post.hftft- 
Microinjected with water " 
Microlnjected with 0.Smq/ml catalasa 



6.2 (0.7) 
4.5 (0.4) 



Values are mean for the reading from 10 eggs (plus S.D ) 
Jhe readings were off scale In excess of 10. 
Cultured In catafase for one hour before incubation in DCHFDA 



1. A culture aediua for the culture of aaaaalian embryos 
wherein the culture medium contains at least one iron 

5 chelator. 

2. * culture aediua for the culture of aaaaalian embryo 
according to claia i wherein the iron chelator is bovine 
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apotransferrin 

3. 



A culture aediua for the culture of aaaaalian embryo 
according to claia 2 wherein the bovine apotransferrin has 
a concentration of from 0.05 to 2 ag/al. 

15 4. a culture aediua for the culture of aaaaalian embryo 
according to claia l wherein the iron chelator is 
ethylenedianinetetracetie acid. 

5. A culture aediua for the culture of aaaaalian embryo 
20 according to elaia 4 wherein the athylenediaainetetracetic 

acid has a concentration of froa 0.05 aM to 0.2 mM. 

6. A culture aediua for the culture of aaaaalian embryo 
according to claia 1 wherein the iron chelator is 

25 dietbylenetriaainepentaeetio acid. 

7. A culture aediua for the culture of aaaaalian embryo 
according to claia 6 wherein the diethylenetriamine- 
pentacetic acid has a concentration of from 0.05 mM to o.s 

30 mM. 



8. A method of in vitro aaaaalian embryo culture 
comprising culturing an embryo in a culture medium 
comprising an iron chelator at least in the period between 
35 fertilisation and the formation of a blastocyst. 



9. A method of in vitro mammalian embryo culture 
according to claim 8 wherein the mammalian embryo is an 
embryo resulting from an in vitro fertilisation step. 
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